Abstract-Terahertz (THz) communications promise to be the next frontier for wireless networks. Novel solutions should be explored to overcome the hardware constraints and the severe path loss. In this paper, we study a low-complexity indoor THz communication system with antenna subarrays. The SalehValenzuela (S-V) channel model is modified to characterize the THz channel. By exploiting the hybrid beamforming with multiple subarrays, we analyze the ergodic capacity of the system and obtain an upper bound. Furthermore, with the analysis of performance degradation for the uncertainty in THz phase shifters, we provide a guidance on the design of antenna subarray size and number for certain long-term data rate requirements with different distances. Simulation results validate the effectiveness of the ergodic capacity upper bound, and show that the proposed THz system and antenna array structure can efficiently achieve capacity gains and support THz communications.
of-magnitude increase in the bandwidth. Thus, the spectrum scarcity and capacity limitation in current wireless systems can be addressed, and a plenty of applications, such as ultrahigh-speed big data transfer in nearby field, can be fulfilled. Furthermore, the significant decrease in the wavelength enables packing a large number of antennas in a small area, which could provide more gains to establish reliable links.
In the meantime, marvelous advances in hardware are making THz communications a reality. Currently, high-performance Silicon-Germanium (Si-Ge) based front-ends can generate signals up to 0.84 THz [6] . Besides, the study on transceivers with Gallium-Nitride (GaN) based power amplifiers has demonstrated capabilities over 1 THz [3] . Photonic devices, such as Quantum Cascade Laser (QCL) sources, are also investigated for the THz band. Specifically, THz digital-to-analog (D/A) converters and analog-to-digital (A/D) converters have been designed using radio-frequency (RF) photonic technology [7] . Moreover, the magnet or voltage controlled THz phase shifters based on graphene/liquid crystal have been developed at room temperature for THz beamforming [8] [9] [10] . In addition, novel nano-devices, e.g., compact graphene antennas [6] , will be feasible for THz transmission in the near future. Undoubtedly, this ultra-broadband communication is just around the corner.
Nevertheless, there still exist many challenges in THz communications requiring innovative solutions, where the well-established technologies may be prohibited. Sensitive to atmospheric attenuation and molecular absorption, the THz signals experience an extremely severe path loss, which leads to a great limitation on communication distance. Thus, gains from multiple antennas should be explored to combat and compensate for such losses. Meanwhile, the complex structures of THz devices pose extra constraints on the system, where conventional approaches, e.g., completely digital signal processing at baseband for each antenna, are no longer suitable. As a result, relatively low-cost system architectures and communication schemes are needed, which should be adaptive and stable to the whole THz band. Considering all these issues, it is desirable to design a new low-complexity THz communication system, fully exploiting the characteristics of the THz channel and the capabilities of multiple antennas.
Extensive study has been made in mmWave communications. A multiple-input-multiple-output (MIMO) system with subarrays for mmWave line-of-sight (LOS) communications has been investigated in [11] . Different high-complexity hybrid beamforming methods have been proposed in [13] and [14] for phased antenna arrays and MIMO system with large mixers and splitters, respectively. However, all these works do not capture the peculiarities of THz channels, and the high-cost system structures and beamforming methods are not feasible for THz communications. Only limited works deal with the THz band communications currently. The indoor THz channel model has been explored in [16] [17] [18] for some specific frequencies and environments. A general model for point-to-point LOS THz channel has been built in [20] . The multi-path THz channel has been studied in [21] .
In this paper, we investigate an indoor THz communication system, where multiple antennas with subarrays are used. Due to the practicality and limitation of existing THz devices and measurement results, we focus our design on lower frequencies of the THz band, 1 i.e., 0.1-1 THz. Our objective is to find the appropriate size and number of antenna subarrays to optimize the performance and reliability of the THz system. The main contributions and results of this paper are summarized as follows. First, we propose a low-complexity indoor THz system with antenna subarrays and modify the Saleh-Valenzuela (S-V) model [22] , [23] to capture the characteristics of the THz channels. By adopting the hybrid beamforming [12] , [13] , i.e., the analog beamforming at RF domain and the digital beamforming at baseband, we analyze the ergodic capacity of the THz system and obtain a capacity upper bound. Second, we investigate the effects of uncertainties in the THz phase shifters and analyze the resulting capacity degradation. Taking this uncertainties into account, we provide a guideline on designing the antenna subarray size and number to ensure certain data rates with different communication distances. Finally, simulation results are provided to show the effectiveness of the proposed THz system, supporting Tbps communications for different distances and achieving superiority over conventional systems. Moreover, the capacity degradation due to the phase uncertainties generally increases with the subarray size and finally approaches a limit. Specifically, to make full use of the antenna gains as well as reducing the performance degradation from phase uncertainties, the subarray size should not be too small.
The rest of this paper is organized as follows. In Section II, we introduce an indoor THz communication system, and then present a modified THz S-V channel model in Section III. Section IV investigates the system performance with hybrid beamforming based on the statistical characteristics of the THz channels. In Section V, we analyze the impact of uncertainty in the phase shifters and then provide a guideline on the subarray structure design accordingly. Simulation results are provided in Section VI to evaluate the effectiveness of the system. Finally, we conclude the paper in Section VII.
II. SYSTEM MODEL
Consider an indoor THz communication system as shown in Fig. 1 , where an access point (AP) is deployed to serve different users using the THz band. The AP is equipped with multiple antennas, which is composed of K disjoint subarrays. Each subarray has the same structure with M t × N t tightly-packed antenna elements, every of which is attached to a wideband THz analogue phase shifter. Such phase shifters are implemented by graphene transmission lines [8] or liquid crystal modules [9] , [10] with continuous shifting. Meanwhile, each subarray is connected to an exclusive baseband to RF chain, where the high-speed photonic digital-to-analog converter is adopted [7] . At baseband, digital beamforming is performed to control the phases as well as the amplitudes of the signals for each subarray. This joint digital and analog beamforming structure is so-called hybrid beamforming [12] , [13] . At the user side, due to the limitation of processing capability, only one subarray with one baseband to RF chain is equipped, which consists of M r × N r tightly-packed elements. Additionally, the subarray antenna element spacing, denoted as a, is assumed to be smaller than the wavelength, and thus a high level of antenna correlation exists. Also, we assume the space between adjacent subarrays, r, is much larger than the wavelength so that the channels among different subarrays are independent. We further assume the distance between the AP and the user, d, is much larger than the adjacent subarray space, such that the distance between the user and each subarray of the AP is approximately same.
In particular, this array-of-subarray antenna system can be integrated with small footprints, where the basic component becomes a subarray instead of an antenna. Consequently, all the channel estimation and signal processing are subarray-based. Since the bandwidth scarcity and capacity limitation are no longer issues in the THz band, users can occupy a sufficiently large bandwidth for communications, thus, alleviating the hardware cost in signal mixing for the baseband and RF circuits. While this system can also be applied to mmWave, what makes it different from the conventional or existing 60 GHz systems is that, this structure not only offers cost efficiency as opposed to using individual baseband to RF chain for every single antenna, but also provides the antenna beamsteering gain as well as the spatial diversity gain. As a result, the complexity of the THz RF circuits can be significantly reduced, the flexibility of the THz beamforming can be tremendously increased, and the high attenuation of the THz signal can be compensated.
For the indoor THz system in Fig. 1 , to reduce the hardware power consumption with so many antenna elements and obtain better system performances for different communication distances, our goal is to find how many arrays and antenna elements are needed, and also to identify the specific impact of the THz channel on the transmission of such antenna arrays.
III. INDOOR TERAHERTZ CHANNEL MODEL
The S-V channel model [22] is commonly used in modeling the multi-path propagation for indoor communication environments [14] , [16] [17] [18] . Specifically, it associates clustering phenomenon and stochastic angles of departure/arrival (AoD/AoA) to each ray [23] . Based on the limited measurement results in the THz band [16] [17] [18] , we will modify the S-V model to capture the characteristics of the indoor THz channel.
For the S-V model, the arrival paths are composed of many clusters, each of which consists of several rays. Without loss of generality, the arrival time of the first cluster is set as the reference time, i.e., T 0 = 0. The arrival time of the ith cluster and the arrival time of the lth ray in the ith cluster are denoted as T i and τ il , respectively. Then, the arrival time of each ray will be
Therefore, the channel response for one antenna subarray within the time margin, T s , can be written as 2 [14] , [15] 
where N clu and N i ray are the numbers of clusters and rays in the ith cluster, respectively. 
A. Time of Arrival
For the S-V channel model, the time of arrival for each cluster is random and exponentially distributed conditioned on the time of arrival of the previous cluster. So is the ray arrival time within each cluster. As a result,
and
where Λ denotes the cluster arrival rate accounting for the intercluster arrival time, and λ denotes the ray arrival rate within cluster accounting for the intra-cluster arrival time. Note that Λ and λ are frequency-dependent and sensitive to the indoor building materials due to the small wavelength in the THz band. Generally, the rougher the wall surface is, the smaller the interand intra-cluster arrival rates are [16] and [17] . For example, the arrival rates of the glass, a better reflecting material, are relatively larger, whereas that of the rough plaster, which is less reflective, are smaller [19] . Accordingly, the number of cluster arrivals and that of ray arrivals in each cluster form 2 (·) * denotes the transpose, and (·) † denotes the conjugate transpose.
two independent counting processes, which follow the Poisson processes with rates Λ and λ, respectively.
B. Path Gain
In the THz band, the molecular absorption loss cannot be neglected. Hence, the direct path gain consists of the spreading loss, L spread , and the molecular absorption loss, L abs , as [20] 
where
Specifically, c stands for the speed of light in free space, and k abs is the frequency-dependent medium absorption coefficient, which is determined by the composition of the transmission medium at a molecular level. In the THz band, the major molecular absorption comes from water vapor molecules [20] . As a result, the absorption loss increases with the humidity. Different from the conventional S-V channel model, which could only account for the spreading loss, this modified model with molecular absorption loss could characterize the specific transmission behaviors for the THz band. Moreover, in the S-V channel model, the mean-square path gain of each ray follows a double exponential decay profile as [22] 
where Γ and γ are the exponential decay factors of the cluster arrivals and ray arrivals, respectively. Note that Γ and γ are also frequency and wall-material dependent. Generally, Γ and γ increase with the roughness of the wall surface [16] , [17] . And,
is the average power gain of the first component of the first cluster, thus,
C. Angles of Departure and Arrival
We assume the departure/arrival time and angle are independent as in [23] . The total azimuth angle of departure/arrival of each ray, φ t il /φ r il , consists of the mean azimuth angle of departure/arrival for the clusters, Φ t i /Φ r i , and the azimuth angle of departure/arrival for the rays within clusters, ϕ t il /ϕ r il . Similarly, the total elevation angle of departure/arrival of each ray, θ t il /θ r il , consists of the mean elevation angle of departure/arrival for the clusters, Θ t i /Θ r i , and the elevation angle of departure/arrival for the rays within clusters,
where 
where w 1 and w 2 are the associated second order GMM coefficients. It is worth mentioning that the GMM distributions are truncated and limited to the azimuth angular range (−π, π] and the elevation angular range [−
. Compared with the conventional S-V channel model, where AoD/AoA follow Laplacian distributions, the GMM model renders a more accurate approximation and higher angular resolution for the THz beams, especially when the angle is close to zero.
D. Antenna Gain
To achieve more directional antenna gains, the ideal sector antennas are used in the THz system. Accordingly, the antenna gain of the transmit antenna element can be given by [14] . Note that these sectors are usually small to ensure the antenna directivity.
E. Array Steering Vector
The antenna array steering vectors, a t (φ t il , θ t il ) and a r (φ r il , θ r il ), are only relevant to the transmit and receive array structure, and independent of the antenna element properties. For an (M, N)-element uniform planar array (UPA), the array steering vector is given by [28] 
where m and n are the antenna element indexes with 0 ≤ m ≤ M − 1, 0 ≤ n ≤ N − 1, and λ c is the wavelength.
IV. SYSTEM PERFORMANCE WITH HYBRID BEAMFORMING
Based on the modified S-V THz channel model discussed in the previous section, we will study the hybrid beamforming and the associated ergodic capacity for the indoor THz system in this section.
A. Hybrid Beamforming and Ergodic Capacity
As mentioned before, hybrid beamforming, including the digital beamforming at baseband and the analog beamforming at each antenna subarray, is adopted in the indoor THz system as shown in Fig. 1 . We denote Ω m t ,n t and Ω m r ,n r as the analog phase offsets of the antenna element (m t , n t ) at the transmit side and (m r , n r ) at the receive side, respectively. Then, for a given target direction, 3 (φ t 0 , θ t 0 ) and (φ r 0 , θ r 0 ), the ideal analog beamformer can be designed as [13] Ω m t ,n t = m t cos φ 
With the analog beamforming, the signals from a subarray, which share the same baseband to RF circuit, are then combined together. Thus, we can describe the equivalent channel of one subarray from the baseband as
λc [mt cos φ sin θ+n t sin φ sin θ−Ω m t ,n t ] , (18) and
λc [mr cos φ sin θ+n r sin φ sin θ−Ω mr ,nr ] , (19) are defined as the baseband array factors at the transmitter and receiver, respectively. Replacing the analog beamformers (15) and (16) into (18) and (19) , the baseband array factors can be rewritten as
Based on the equivalent baseband channel, the channel between the user and the AP can be viewed as a multipleinput-single-output (MISO) channel,
Hence, the optimal subarray-based digital beamformer for the equivalent MISO channel in the THz system is given by [24] 
If the channel is assumed to be non-frequency-selective in a small bandwidth, B, centered around the frequency f , the ergodic capacity of the THz system with the hybrid beamforming can be written as
where P is the transmit power and N 0 is the noise power at the receiver. The inequality (23) is due to the Jensen inequality and the inequality (24) is due to the Cauchy-Schwarz inequality. Obviously, the ergodic capacity of the indoor THz system is upper bounded by (24) . In what follows, we will study this upper bound and establish a statistical relationship with the THz channel.
B. Statistical Analysis
In this subsection, we will further analyze the ergodic capacity of the indoor THz system based on the statistical characteristics of the S-V channel model. Hereafter, we omit the frequency and distance parameter in (24) for brevity.
The multi-path arrivals can be split into three parts, i.e., the first ray of the first cluster at T 0 , the cluster arrivals at T i , i = 0, and all the ray arrivals of the whole clusters. Thus, from Appendix A and B, we can obtain the expectation of the total multi-path power gain in time duration T s as
Moreover, we denote Q r as the total number of arriving rays in T s . Since each ray follows the same AoD/AoA distribution, the angle related term can be further expressed as
According to Lemma 2 in Appendix A, the average number of total ray arrivals in T s is
and the remaining term in (26) can be obtained as in Appendix C. Therefore, the ergodic capacity of the indoor THz system is upper bounded by
where the frequency and distance dependent variable, β, is defined as
in which G(σ,x,y,z)
From (28) we know that, the ergodic capacity upper bound for the THz system is jointly determined by the THz channel parameters, the subarray number, K, and the antenna element number of each subarray, M t , N t , M r , N r .
V. EFFECTS OF UNCERTAINTY IN PHASE SHIFTER
The phase uncertainty is an inevitable practical issue in the THz band. In this section, we will investigate the effects of the random errors in the phase shifters, and analyze the influence on the ergodic capacity for the THz system.
A. Phase Uncertainty in Phase Shifter
The analog beamformers, (15) and (16), are based on the wideband THz phase shifters. However, the shifted phases are subject to variations due to the imperfectness of the graphene/liquid crystal materials [8] , [10] , especially at such high frequencies. These uncertainties result in the beam pointing errors, which could degrade the system performance.
Denote ΔΩ m t ,n t ( f ) and ΔΩ m r ,n r ( f ) as the random phase errors at the transmitter and receiver respectively, which are usually frequency dependent in the THz band. Thus, the resulting shifted phases become
Then, the corresponding array factors will be
Accordingly, the radiation pattern of one antenna subarray for the AP is
If ΔΩ m t ,n t ( f ) and ΔΩ m r ,n r ( f ) are assumed to follow Gaussian
, respectively, the average radiation pattern of one antenna subarray at the transmitter can be obtained by extending the method in [28] as
Similarly, the average radiation pattern at the receiver is given by
We can perceive from (38) and (39) that there is a degradation in the radiation pattern due to the random phase errors.
B. Impact on the Ergodic Capacity
According to the average radiation patterns in (38) and (39), we can get the ergodic capacity upper bound with random shifted phase errors by using the similar analysis as in Section IV, which is given by
Then, the average capacity loss in the upper bound can be calculated as
When the signal-to-noise-ratio,
, and the subarray parameters, K, M t , N t , M r , N r , are small,
But when they become large,
According to (42) and (43), when M t , N t , M r , N r are small, the capacity loss due to the phase uncertainties increases significantly with the increasing subarray size. However, when M t , N t , M r , N r become large, such increment in degradation becomes small, and finally approaches a degradation bound,
C. Design of the Subarray Size and Number
Relying on the analysis of the capacity loss with random phase errors, we can design the subarray structure accordingly.
Communications over the THz band should be reliable under phase uncertainties in any cases. Since there exists a relatively serve capacity loss resulting from the phase uncertainties when the subarray size is small, the number of antenna elements in each subarray should not be too small. On the other hand, the subarray size cannot be too large due to the limitation of the hardware and integrated circuits in the THz band. Thus, it is reasonable to choose the subarray size satisfying the condition (43).
Therefore, given the capacity degradation threshold ε for the phase uncertainties, we can determine the subarray size M t , N t , M r , N r based on (43). For example, if we assume the antenna subarrays at the AP and the user side have the same structure, i.e., M t = M r , N t = N r and δ
, to ensure the capacity degradation ε, the subarray structure should satisfy
That is to say, the optimal antenna subarray size should be
where · denotes the floor function. Then, given the subarray size, to guarantee a long-term transmission rate R for certain distance d, the number of antenna subarrays should satisfy namely, the minimum number of antenna subarrays should be
where · denotes the ceiling function.
VI. SIMULATION RESULTS
In this section, extensive simulation results are provided to illustrate and verify the performance of the proposed indoor THz system.
The operating frequency is set as 0.3 THz, i.e, 300 GHz. We consider the same indoor environment as in [16] , [17] , where the plaster wall material is used and the indoor humidity is 10%. Furthermore, the space between antenna elements in each subarray is set as a = λ c 8 , and the sector angle of the antenna is set to be 60 • -wide in the azimuth domain and 30 • -wide in elevation. The detailed simulation parameters are listed in Table I , which are obtained from measurements in [16] , [17] , [20] . The parameters concerning AoD/AoA can be found in Table III in [16] . Fig. 2 shows the tightness of the upper bound on the ergodic capacity as a function of the distance for different subarray numbers. Note that the simulated capacity is obtained from the average over 5,000 THz channel realizations. The subarray antenna element number is set as M t × N t = M r × N r = 8 × 8. As shown in Fig. 2 , the proposed THz system can support Tbps communications, and the analytical bound matches the simulation capacity across the distance for different antenna numbers. This indicates the approximation is valid and well justified. Specifically, the gap between the bound and the capacity is caused by using inequalities (23) and (24) . Also, there exists an envelop approximation loss as described in Appendix C. Such loss may increase slightly with the subarray antenna element number. Furthermore, we can see from the figure that the ergodic capacity generally decreases with the increase of the distance as we can imagine. Using a larger number of subarrays can compensate for the path loss brought by the distance. Fig. 3 plots the average capacity degradation with random phase errors versus the antenna subarray size with d = 10 m. Particularly, Fig. 3(a) demonstrated the absolute capacity loss, while Fig. 3(b) shows the relative capacity, namely, the ratio of the ergodic capacity with and without phase errors. Here, the low signal-to-noise ratio (SNR) condition with a smaller transmit power, P = 0 dBm, is considered. And, we set the transmit and receive antenna element number in each subarray as M t = N t = M r = N r Δ = M, and the subarray number as K = 8, and the variance of phase uncertainty as δ 2 t = δ 2 r = 0.1. As illustrated in Fig. 3(a) that the capacity degradation increases with the antenna subarray size and finally approaches the limits. Furthermore, it can be observed from Fig. 3(b) that the phase uncertainties can cause about 3-15% loss. Specifically, the relative capacity loss increases with the subarray size when the size is small, while it decreases when the size becomes large. The reason is that the degradation from phase errors is much less than the gain brought by the subarray with large antennas. Therefore, according to Fig. 3 , the subarray size should not be too small considering for the performance degradation resulting from the phase uncertainties. For instance, to ensure a 10% average capacity loss with phase uncertainties, it should be appropriate to choose the subarray size as M t = N t = M r = N r = 8.
We compare the ergodic capacity of different subarray structures for different distances in Fig. 4 . Specifically, the four 8 × 8 subarrays and one 16 × 16 subarray at the transmitter are considered, where the antenna element numbers are same. Taking a close look at Fig. 4 , we can see that the ergodic capacity of the four 8 × 8 subarray system outperforms that of one 16 × 16 subarray, especially when the communication distance is large. This is because that the proposed THz system with subarrays can provide directional antenna gains as well as spatial diversity gains.
In Fig. 5 , we plot the ergodic capacity upper bound as a function of the antenna subarry number with 10 m distance. The subarray antenna element number is set as M t × N t = M r × N r = 8 × 8. From Fig. 5 , the ergodic capacity increases with the antenna subarray number, while the capacity gain becomes small when subarray number becomes large. This is expected as, the system has diversity gain and SNR gain with multiple subarrays, but the diversity gain will saturate when the subarrays reach certain number. Therefore, increasing the number of subarray is not an efficient methods to obtain more performance gain when the array number is large enough.
At last, Fig. 6 demonstrates the required antenna subarray numbers for different distances to ensure a 0.1 Tbps transmission rate. The subarray antenna element number is also M t × N t = M r × N r = 8 × 8. As shown in Fig. 6 that, the farther the distance, the more antenna subarray number is needed to compensate the increasing path loss. However, the subarray number is also limited by the practical antenna aperture size. Therefore, from Fig. 3, Fig. 5 and Fig. 6 , we can conclude that, for the proposed THz system, it is better to properly increase the subarray size within the acceptable range of the phaseuncertainty degradation, and use appropriate subarray number to achieve transmission rate for certain distance.
VII. CONCLUSION
This paper has studied antenna subarrays with hybrid beamforming for an indoor THz communication system. An upper bound of the ergodic capacity is investigated. Furthermore, we analyze the impact of random phase shifter errors on the ergodic capacity of the THz system. Finally, we provide a guideline on designing the subarray size and number to guarantee a certain long-term data rate for different communication distances.
A few important conclusions have been made along with the simulation results. First, the proposed indoor THz system can effectively support Tbps communications and outperforms the conventional systems with only one array by providing the array gain as well as the spatial diversity gain. Secondly, the analytical ergodic capacity upper bound is valid for approximating the THz system performance. Thirdly, the THz system would suffer performance degradation for the uncertainties in the wideband THz phase shifters. Such degradation generally increases with the antenna subarray size and finally approaches a limit. Last but not least, it is better not to choose a small subarray size because of the relatively large performance loss brought by the random phase errors. With proper design of antenna subarray size and number, the THz system can achieve target long-term transmission rates for different distances.
This work has concentrated on the analysis of the THz system for single user with perfect channel state information. The studies of multi-user situations [26] , partial channel state information and subarry-based channel estimation are possible directions for future research.
APPENDIX A USEFUL LEMMAS
Lemma 1 (Campbell's Theorem [25] ): Let V be a point process on a real space S ⊆ IR with rate ρ V . Then, for a realvalued measurable function u : S → IR, the expectation of the random variable ∑ 
where Λ and λ are the rates of cluster arrivals and ray arrivals in each cluster, respectively. Note that this rate is a function of the propagation time.
APPENDIX B THE CALCULATION OF THE EXPECTATION OF TOTAL MULTI-PATH POWER GAIN
As stated before, the multi-path arrivals contain three parts. For the first ray of the first cluster at T 0 , by definition in (9), we have E |α 00 | 2 = Ψ 0 .
As for the cluster arrivals, the arriving rate is Λ. By using the Campbell's theorem in Appendix A, the expectation of the power gain is
Furthermore, the ray arrivals in all the clusters can be written as the sum of the rays in the first cluster with rate λ and the rays of the other clusters. As we know, the latter one is a combination of cluster arrival process with rate Λ and ray arrival process with rate λ. Thus, by applying the Campbell's theorem, the expectation of the power gain can be calculated as 
